The objective of this study was to characterize the variability of Escherichia coli density and sources in an urban watershed, particularly to focus on the influences of weather and land use.
INTRODUCTION
Pathogens in contaminated water sources pose a significant threat to human health. For the purpose of human health, it is essential to protect watershed-based source waters. In an urban watershed with a high population density, knowledge about the location and extent of the region vulnerable to pathogen contamination is critical for establishing Total Maximum Daily Loads (TMDLs) and developing microbial load reduction plans to attain water quality standards (Smith & Perdek 2004) . Aside from this, identification of faecal contamination sources is necessary for hazard analysis and accurate assessment of the risk posed by pathogens. Once hazards are identified within a watershed, strategies can be developed to reduce faecal contamination thereby reducing the risk to human health (Meays et al. 2006) .
Impairment of water quality due to the presence of pathogens is typically assessed by monitoring microbial indicators (such as E. coli and enterococci), which have been associated with enteric pathogens present in water from human or animal faecal contamination (e.g. Hö rman et al. 2004 ). Therefore, understanding the levels and sources of indicator organisms is critical for the management of watershed pathogen contamination. To date, a number of studies have been conducted to describe the variability of microbial indicator concentrations or sources in watershed scale. For example, Reeves et al. (2004) carried out a series of field studies to identify the spatial distribution of faecal indicator bacteria in dry conditions and wet weather run-off from the Talbert watershed. In the Hoosic River watershed, bacterial levels were found to be higher in summer than in winter, and higher during storms rather than during baseflow conditions (Traister & Anisfeld 2006) . In contrast, a study in a heavily impacted watershed showed that pathogen levels could decrease to undetectable levels sometimes during storms (Dorner et al. 2007) . By studying the density and sources of E. coli in multiple watersheds, Meays et al. (2006) found that the faecal coliforms (FC) counts varied by year, month and site, for each of the watersheds, and the main sources of E. coli tended to be similar between watersheds but changed in different years.
There exists an association between extreme weather and outbreaks of waterborne diseases (Curriero et al. 2001) , for example, the outbreak caused by the protozoan parasite Cryptosporidium parvum in Milwaukee in 1993 (Mackenzie et al. 1994 ) and the outbreak caused by E. coli O157:H7
and Campylobacter jejuni in 2000 in Walkerton, Ontario, Canada (Auld et al. 2004) . Both outbreaks followed periods of heavy rainfall (Hrudey et al. 2002; Hunter 2003) . Studies showed that precipitation played an important role in microbial contamination in urbanized watersheds (Shehane et al. 2005; Dorner et al. 2007) . During wet weather events, pathogens from a variety of sources, including wildlife, agriculture, combined sewer overflows and runoff, are mobilized and enter receiving rivers (Marsalek & Rochfort 2004) . In addition, pathogens may be released from sediments to the water column (Hansen & Ongerth 1991; Wu et al. 2009 ). These factors can give rise to sharp increases of pathogens in water (Hansen & Ongerth 1991; Kistemann et al. 2002) .
Knowledge of the influences of land use on source water quality, especially on sources of faecal contaminants, is also critical for efforts towards proper management within a watershed. The management based on land use can be effective for mitigating rainfall impacts to the water body of watersheds with appropriate water quality data (Long & Plummer 2004) . The degree of microbial contamination may be predictable according to the types of land use of a watershed. A study revealed that bacteria in storm water run-off varied from higher to lower concentrations by the following order of land use types: recreational, agricultural, urban and open space (Tiefenthaler et al. 2008) . In addition, analysis of microbial water quality contamination based on land use can help to make optimal practices for watershed development to minimize conflicts between agricultural and urban interests (Fisher et al. 2000) . Land use information is also useful for determining sources of faecal contamination.
For example, using multiple antibiotic resistance methods and land use characteristics, Kelsey et al. (2003) found that the majority of faecal pollution in Murrells Inlet, a small estuary in South Carolina, was not from human sources.
To date, however, few studies have illustrated how weather and land use influence the temporal dynamics of sources of microorganisms in urbanized watersheds. The primary hypothesis tested in this study is that the increase in E. coli density is influenced by the intensity and duration of precipitation, and the sources of microbial contaminants are related to the types of land use. The major objectives of this research were to: 1) characterize the variability of E. coli density and sources in an urban watershed; 2) illustrate the influences of weather and land use on the density and sources of microbial contaminants.
MATERIALS AND METHODS

Study area description
This study was conducted in the upper Blackstone River 
Ribotyping for microbial source tracking
Escherichia coli at three sites, BS1, BS4 and MR2, was isolated for microbial source tracking. BS1 is located at the These three sites represent the downstream, the middle stream and the upper reaches of the Blackstone River, respectively.
After detection using the Colilert method, E. coli strains were randomly picked out and isolated using LB-agar (LuriaBertani agar) plates, and confirmed following the method of Feng & Hartman (1982) . E. coli ATCC 29194 (Remel Europe, Ltd, Dartford, UK) and Klebsiella pneumoniae ATCC s 33495t (Quality Technologies, Ltd, Newbury, CA, USA)
were used as positive controls and negative controls for E. coli, respectively. A purified E. coli colony was inoculated in an LB agar tube, and made into an E. coli slant. The slants were kept at 41C and sent to the New York City Department of Environmental Protection (DEP) for ribotyping analysis.
A RiboPrinter s Microbial Characterization System (DuPont Qualicon, Inc.) was used to identify the sources of 
RESULTS AND DISCUSSION
Variability of E. coli density and sources Escherichia coli density in water samples collected from the upper Blackstone River watershed was measured in four wet weather events (May, June, October and November, 2006) and four dry days. Overall, E. coli density ranged from 1 to 9061 MPN/100 mL (MPN: most probable number, the unit of E. coli counts) and 32.9% of the data were below 235 MPN/100 mL, the state standard for microbial pollution in freshwater (USEPA 1986). As expected, the density of E. coli displayed remarkable spatial and temporal variability. Temporally, in the May event, the peak E. coli densities occurred on May 12 and 14, which were 1647 (95% CI: 328-2966) and 1388 (95% CI: 1251-1525) MPN/100 mL, respectively.
E. coli density was 1214 MPN/100 mL on June 26 but decreased to 545 MPN/100 mL the next day. During the October event, the density was the highest on October 12, which was 2361 MPN/100 mL. E. coli densities were higher in the November event than the previous three wet events, which was up to 4719 MPN/100 mL (November 8), and maintained these high densities for five consecutive days (Figure 2) . Spatially, E. coli density was the highest at BB1, which was 3768 (95% CI: 2633-4902) MPN/100 mL on average. The following were sites TB1, MR2, BS2 and MB1, where the densities were larger than 1000 MPN/100 mL.
Lower densities of E. coli were found at sites KB2, KB3, MA5, MA6, QR1 and UBW. Among these sites, UBW had the lowest density, which was 11 (95% CI: 3-20) MPN/100 mL on average, followed by QR1 and KB3, for which the densities were less than 235 MPN/100 mL ( Figure 3 ).
Seventy-one E. coli isolates were analysed by the riboprinting system using restriction enzyme EcoR1 and PvuII, and the ribotyping patterns of sixty-two isolates were generated to identify E. coli sources. For one ribotype corresponding to multiple sources, the probability of each source November, humans (36%) and dogs (14%) were the dominant sources; the next most important sources were cliff swallows (6%), Canada geese (3%) and whitetail deer (3%) ( Table 2 ). The percentages of the sources of E. coli at three sites were illustrated in Figure 4 . At MR2, human sources only accounted for 8%, while wildlife sources accounted for 54%.
However, at BS1 and BS4, human sources accounted for 36 and 31%, respectively.
Relationship between E. coli and other water quality variables
Determination of the relationship between microbes and physiochemical water quality variables can help to understand the variability and source of microorganisms. In addition to E. coli, other water quality variables, such as enterococci, TSS, TP and inorganic nitrogen, were measured simultaneously. As with E. coli, enterococci concentrations were highly variable in wet weather, with an average density of 1063 MPN/ 100 mL and a standard deviation of 2416 MPN/100 mL.
The relationship between E. coli and enterococci was defined Multiple linear regressions were conducted to examine the associations between E. coli density and some environmental variables. Besides TP, the other three variables were positively associated with the log-transform of E. coli density (Table 4) . However, all the associations were not significant (p40.05). Spearman correlation analysis showed that only TSS was significantly correlated with E. coli (r ¼ 0.299, p ¼ 0.022) and enterococci (r ¼ 0.404, p ¼ 0.006), which suggested that TSS might have a better relationship than other variables (such as TP, N-NO 2 /NO 3 ) with E. coli density. It is reasonable because bacteria are likely to attach to the fine particles (o2 mm) and move rapidly to receiving waters during rainfall (Muirhead et al. 2006 ). An early study (Davis et al. 1977) showed that microorganisms and suspended solids in stormwater run-off were significantly correlated. Recently, some studies also found that E. coli level was significantly correlated with turbidity (Dorner et al. 2007 ) and total suspended solids (Tiefenthaler et al. 2008 ) in watersheds in wet weather. Influences of weather and land use on E. coli density densities of E. coli in wet weather were expected, since similar phenomena have been observed in previous studies (Traister & Anisfeld 2006) . However, it is unknown how wet weather influences E. coli density in an urban watershed.
In this study, we observed four wet weather events, from which some similar influences on E. coli densities were found: (1) the peak of rainfall corresponded to the highest density of E. coli for each event; (2) in the day following the peak, the rainfall decreased or stopped, and the density of E. coli also decreased significantly but was still much higher than normal. Since the intensity and duration of rainfall in each event were quite different, there were also some different influences on E. coli densities. In the May event, moderate rain lasted four days, in the June and October events, the moderate rain lasted one or two days, while in the November event, the strong storm lasted only one day. However, E. coli density was much higher in the November event than in the previous three events (po0.01). The results revealed that the intense participation of short duration gave rise to higher E. coli densities and loadings than moderate storms over a longer period, suggesting that E. coli densities were associated with the patterns of precipitation.
The neighbourhood land use at each site is shown in Commercial zones were located at BB1, MR2 and TB1 with a small percentage of overall land use (10-18%). A waste disposal area was only found at site UBW. The highest density of E. coli was observed at sites BB1 and TB1. These two sites were very close to each other, and residential and commercial zones were the two major types of land use. As a result, human activities would be expected to predominate around these sites, which led to higher densities of E. coli in wet
weather. E. coli density was the lowest at UBW, which was attributed to disinfection processes employed during wastewater treatment. BS3 and BS4 were near UBW, BS1 was downstream of BS4 and BS3. The densities of E. coli at these three sites were at a moderate level, which might have been caused by the overflow of wastewater during wet weather.
MA5, MA6 and QR1 were far from other sampling locations.
The lower densities of E. coli at these three sites might be explained by the fact that forest was the major type of land use, implying less population density and fewer human activities. It is unclear what factors were related to the lower densities of E. coli at KB2 and KB3.
Influences of weather and land use on E. coli sources We identified E. coli sources in dry weather conditions as well as wet weather events (Table 3) . Similarly, Canada geese, cliff swallows, dogs, gulls, humans, opossums and white deer were possible sources in both dry and wet weather. In addition, the indigenous strains accounted for a large proportion of isolates. In contrast, a greater variety of sources were found in wet weather. In addition to the sources mentioned above, sources from cottontail rabbits, grey squirrels, deer mice, raccoons and red squirrels were also found in wet classification but only 6% of isolates were classified (Stoeckel et al. 2004) . It was also effective for the identification of E. coli collected from a large geographic region as well as in a small-scale (less than 1 km 2 ) watershed (Kelsey et al. 2008) .
However, this method is library-dependent and the accuracy is restricted by the database of riboprint patterns. Some studies doubted the accuracy of ribotyping methods. For example, when Moore et al. (2005) analysed HindIII ribotypes of 997 E. coli isolates, only 27% isolates were assigned to the correct sources, which suggested that the library-based MST methods, such as ribotyping, might not be suited to identifying the sources of faecal pollution in large urban watersheds (about 347 km 2 in the study). Our study area of the upper Blackstone River Watershed is of moderate scale (about 200 km 2 ). Whether ribotyping is a good method for this scale of watershed needs further discussion. Given these reasons, this study only attempted to describe the general trends of E. coli sources in the watershed, instead of accurately identifying sources to the species level. In addition, in our study, ten isolates were regarded as indigenous to the Blackstone River because their ribogroups did not match any pattern in the database. In the future, they could be matched with isolates identified from other sources as the database of known-host patterns is expanded.
Implication to watershed management
Wet-weather pollution is recognized as a major source of impairment of water quality in urban watersheds, which impacts on water quality in many ways. Among these, patho- Overall, the study provides useful information for developing optimal management strategies aimed at reducing the level of pathogens in urban watersheds.
